Abstract-The frequencies for thirty one far-infrared laser emissions, generated by an optically pumped molecular laser with either 13 CD 3 OH or CH 3 18 OH as its laser medium, have been measured for the first time. The frequencies, ranging from 0.443 to 3.243 THz, were measured with a heterodyne technique to a one-sigma fractional uncertainty no less than ± 5 parts in 10 7 . Approximately half of the frequencies measured during this investigation have been used to either confirm or propose new spectroscopic assignments associated with these methanol isotopologues.
. These spectrum analyzer traces were obtained for the 654.904 μm laser emission generated by CH 3 18 OH using the 9P14 CO 2 pump line. The frequency from the unknown FIR laser frequency was mixed with the stabilized CO 2 reference frequencies from the 9P20 and 9P36 lines. The lower trace is the instantaneous beat while the upper trace, whose center was determined as 3 219.38 MHz, was obtained by manually scanning the FIR laser cavity across its gain curve and storing the maximum heterodyne signal. pumping geometry [4] - [6] . Once detected, the laser frequency is determined using the three-laser heterodyne technique, discussed in detail in [6] - [9] . Using this system a beat frequency, ν beat , is generated between the unknown FIR laser frequency, ν FIR , and the difference frequency synthesized by two stabilized CO 2 reference lasers |ν CO 2 (I) − ν CO 2 (II) |. The unknown FIR laser frequency is then calculated using
where the ± sign in Eq. 1 is experimentally determined by tuning the FIR laser cavity and observing the subsequent small shift in the beat frequency on the spectrum analyzer. A typical beat frequency observed on a spectrum analyzer is shown in figure 1 . In this work, the FIR laser frequency is calculated from the average of at least twelve independent measurements of the beat frequency using no less than two different sets of CO 2 reference laser lines. The reported one-sigma fractional uncertainty, ν/ν, is derived from the reproducibility of known frequencies with this system, the symmetry and width of the broadened gain curve of the FIR laser, and the precision 0018-9197 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 3 18 OH.
III. RESULTS
The experimentally determined FIR laser frequencies are listed in Table I with their corresponding wavelength and wavenumber, calculated from the average laser frequency using 1 cm −1 = 29979.2458 MHz. Also included, when available, are the wavenumbers calculated from the proposed spectral analysis of these molecules. The laser emissions are arranged by molecule in order of the CO 2 pump line and with decreasing frequency. All measurements were performed under optimal operating conditions. For 13 CD 3 OH, the 272.958 μm line generated by 10R26 was previously attributed to the 13 CD 3 OD isotopologue [11] . However, it is notoriously difficult to maintain a pure -OD sample in a vacuum system due to the very rapid D-to-H exchange with adsorbed water on the system walls, so that the earlier observation could well have arisen from a 13 CD 3 OH impurity.
The far-infrared laser (FIRL) frequency measurements for CH 3 18 OH conducted during this and prior [22] investigations have been combined with infrared (IR) and FIR highresolution Fourier transform spectral data, obtained at the Canadian Light Source synchrotron [23] , [24] , to identify the FIRL transition quantum numbers for the 9P16 pump system along with extending the transition assignments for the 9P30 and 9P38 systems. The new assignments are presented in Table II , together with the wavenumbers calculated from transition combination loops formed from the IR and FIR Fourier transform observations. The close agreement between the accurate experimental FIRL wavenumbers and the loop predictions definitively confirms the proposed assignments.
The FIRL transition scheme for the 9P16 system is illustrated in figure 2, with observed wavenumbers shown for the IR transitions along with ground-state energies obtained from accurate global microwave and FIR fitting [23] . [23] and IR wavenumbers are from high-resolution synchrotron-based Fourier transform spectra [24] . The FIRL wavenumbers shown are calculated from combination loops with a predicted wavenumber in brackets for the unobserved line L c .
with the use of a 40 MHz offset frequency used to calculate the CH 3 18 OH IR absorption frequency. The agreement with our experimental value of 101.0530 cm −1 is consistent with the estimated uncertainties of order ± 0.0005 cm −1 in the IR lines, both of which are relatively weak at the high J and K values for this system and are blended in the spectrum. This system still has one further potentially observable FIRL line, shown as L c in figure 2 , with a loop-calculated wavenumber of 49.3119 cm −1 corresponding to a wavelength of 202.8 μm The 9P30 and 9P38 systems in Table II , and illustrated in figures 3 and 4 respectively, both involve pumping via n = 1 torsionally excited states, and both generate FIRL transitions down to levels of the same K = 4, E 1 stack. The identities Fig. 3 . Energy level and transition scheme for the CH 3 18 OH FIR laser system pumped by the 9P30 CO 2 laser line. IR and FIR transition wavenumbers are from high-resolution synchrotron-based Fourier transform spectra [23] , [24] . FIRL lines other than L b have been reported previously [20] and are included here to show the full FIRL system; L d = 80.73496 cm −1 and L e = 45.7531 cm −1 . The FIRL wavenumbers shown are calculated from combination loops; those for L a and L c have been updated from the values in [20] .
of the IR pump transitions as well as the FIRL transitions accessing the K = 4, E 1 , n = 1 lower levels were established previously for both systems [20] . However, it was noted in the Conclusion to [20] that "n = 1 systems should present future opportunities for the generation of further high frequency FIR laser emission through n = 1 → 0 transitions in the torsional band" and this has indeed turned out to be the case here.
The 9P30 system shown in figure 3 gives the previously identified FIRL lines together with the newly assigned highfrequency n = 1 → 0 transition L b . The wavenumbers for both n = 1 → 0 and n = 1 → 1 FIRL lines nicely illustrate Fig. 4 . Energy level and transition scheme for the CH 3 18 OH FIR laser system pumped by the 9P38 CO 2 laser line. IR and FIR transition wavenumbers are from high-resolution synchrotron-based Fourier transform spectra [23] , [24] . The FIRL wavenumbers shown are calculated from combination loops while lines L d = 61.57616 cm −1 and L e = 35.69142 cm −1 have been reported previously [20] and are included here to show the complete FIRL system. the "triad rule" [26] with
The excellent agreement for L b between the previous frequency measurement [22] and the loop-calculated wavenumber further solidifies the system assignment and gives strong support for the loop value for line L c that so far has only been measured approximately in wavelength [16] , [20] .
IV. CONCLUSION
During this investigation, thirty one far-infrared laser emissions were generated with an optically pumped molecular laser system having a transverse pumping geometry. The frequencies for these laser emissions have been accurately measured for the first time and nearly half of these laser lines directly support the spectroscopic assignments proposed through the use of IR/FIR combinationloop relations [15] , [17] , [19] , [20] , [27] . For fifteen of the laser emissions, the experimentally determined frequencies were in excellent agreement with the values calculated from the proposed spectroscopic assignments, all of which were within 0.0008 cm −1 or 24 MHz of one another. The only initial discrepancy was with the 654.904 μm laser emission in the 9P14 system, for which the wavenumber was calculated previously as 15.2734 cm −1 from combination-loop relations [17] , higher by 0.003 cm −1 than our present measurement. There, however, the combination loops involved transitions to different components of the n = 1 K -doublet for J = 11 and K = 2 with A-type symmetry, for which the asymmetry K -doubling was not then known and was neglected in the calculation [17] . Now, the accurate energies available from the global FIR fitting [23] , [24] give a K -doublet splitting of 0.0038 cm −1 , resulting in a revised transition frequency of 15.2696 cm −1 . This is in excellent agreement with the experimentally determined laser frequency and illustrates the effectiveness in using these laser frequencies to independently confirm the assignments of spectral lines and their energy level structure. Consequently, the remaining laser frequencies determined in this investigation will be valuable in advancing the analysis of the complex spectra associated with the 13 CD 3 OH and CH 3 18 OH isotopic forms of methanol.
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